Cooling the flow in the electric discharge excited oxygen-iodine laser is used to increase gain in the supersonic cavity and laser power. The flow is cooled by injecting helium precooled in a liquid nitrogen bath downstream of the iodine injector. The highest gain achieved is 0.21% cm −1 over the gain path of 10 cm. Laser power measured in a stable resonator with 99.9% and 99.0% reflectivity mirrors is 7.8 W. Gain measured downstream of the resonator during lasing remains high, 0.15% cm −1 , 25% lower than gain without lasing, demonstrating that a small fraction of power available for lasing is coupled out.
(Some figures in this article are in colour only in the electronic version)
Over the last few years, considerable progress has been made in development of an electric discharge excited oxygen iodine laser [1] . Conventional chemical oxygen-iodine laser (COIL) is a high-efficiency gas laser scalable to megawatt powers, producing a 1.315 µm beam which readily propagates through the atmosphere and through fibre optics. Potential applications of COIL laser include directed energy weapons, material processing and decommissioning of nuclear facilities (see [1] and references therein). Generation of molecular oxygen in the metastable a 1 state (singlet delta oxygen or SDO) by electric discharges in oxygen-containing gas mixtures have long been considered as an alternative to chemical reactions. Key technical solutions which resulted in positive gain and lasing of electrically excited oxygen-iodine laser include operating the discharge at optimum conditions for SDO generation, supersonic expansion to reduce the temperature in the laser cavity and adding nitric oxide to the baseline oxygen-helium flow to remove O atoms generated in the discharge [2] [3] [4] [5] [6] [7] . Further gain and laser power increase have been achieved by cooling the flow by adding cold nitrogen [8] [9] [10] , iodine vapour dissociation in an auxiliary electric discharge [9] [10] [11] , using large aperture laser mirrors [9, 10, 12] , and gain path increase [12, 13] . Highest gain and output power achieved so far are 0.26% cm −1 and 92 W [1, 12] . The objective of this paper is to demonstrate that massive injection of precooled helium downstream of the electric discharge SDO generator results in significant increase in laser gain and output power.
The electrically excited gas dynamic oxygen-iodine laser developed at Ohio State is using transverse nanosecond pulser/dc sustainer discharge [5] [6] [7] 11] or transverse RF discharge [13] for SDO generation, and flow expansion to M = 3 to generate iodine atom population inversion. The schematic of the laser is shown in figure 1 . In this work, capacitively coupled transverse RF discharge is sustained in one of two identical discharge sections made of acrylic plastic (10 cm × 10 cm × 2 cm each), generating SDO in a premixed O 2 -He-NO flow. The discharge sections, connected together, serve as a plenum of a supersonic nozzle (see figure 1) . Two 10 cm × 10 cm copper plate electrodes, covered by alumina ceramic plates 1.6 mm thick, are flush-mounted in the top and bottom walls of each discharge section, 2 cm apart. The electrodes are powered by a Dressler 13.56 MHz, 5 kW RF plasma generator. Adding nitric oxide to the O 2 -He flow (from a cylinder with a 5% NO-He mixture) removes O atoms generated in the discharge, which prevents rapid deactivation of excited iodine atoms in the laser cavity and increases gain. At baseline discharge (plenum) pressure of P 0 = 40 Torr (1 Torr = 133.322 Pa), flow rates through the discharge are 40 mmole s A mixture of iodine vapour and helium (up to 100 µmole s −1 of iodine in 30 to 90 mmole s −1 of helium) is injected into the flow downstream of the discharge through a choked injector made of aluminium (see figure 1 ). The flow channel height at the injector location is reduced to 0.6 cm, to increase the flow velocity and improve mixing. Iodine vapour is produced by flowing helium over a bed of iodine crystals heated up to 70-100
• C (343-373 K). Iodine flow rate is determined by measuring the I 2 vapour number density in the injection flow by molecular iodine continuum absorption at 488 nm, I 2 -He mixture pressure and temperature and helium carrier flow rate. An additional choked injector of the same geometry, made of polycarbonate plastic, is placed downstream of the iodine injector. It is used to inject helium or nitrogen into the main flow after the discharge to reduce the flow temperature. Injection flow, up to 260 mmole s −1 , can be precooled using two 9.5 mm diameter, 3 m long copper coils immersed into a liquid nitrogen bath and connected to the top and bottom parts of the injector. Both He/I 2 vapour flow and the cooling flow are measured by Omega FMA-A2322 mass flow meters. Adding these flows to the main flow increases the discharge pressure, from the baseline value of P 0 = 40-60 Torr up to P 0 = 90-130 Torr.
The discharge sections and the injectors are followed by a 2.4 cm long M = 3 nozzle with throat dimensions of 0.32 cm × 10 cm, and a supersonic cavity 14 cm long (see figure 1 ). The cavity height at the nozzle exit is 1 cm. The top and bottom walls of the cavity diverge at 1.5
• each for boundary layer relief. Each cavity side wall has nine 12.7 mm diameter circular apertures providing optical access at different axial locations, from the end of the nozzle (at x = 0) to x = 12.7 cm, as shown schematically in figure 1. The cavity is followed by a 36 cm long, 3
• full angle expansion section, attached to the vacuum system (total volume approximately 20 m 3 ), evacuated by a 70 standard litre per second vacuum pump.
For laser gain measurements in the cavity with gain path of 10 cm, wedged and anti-reflection coated BK-7 glass windows 12.7 mm in diameter are placed either in the side wall apertures or in the flanges attached to the side walls. Small signal gain at 1315 nm can be measured at multiple locations in the cavity, by tunable diode laser absorption spectroscopy (TDLAS) using a PSI Iodine Scan probe [14] . Positive gain is measured when iodine atom population inversion is achieved in the flow. For laser power measurements, one pair of gain windows is replaced with mirror mounts with 1 inch (25.4 mm) laser mirrors (Lattice Optics). The resonator centreline is located at x = 3.2 cm. Lasing was achieved using three different mirror combinations, (a) two 99.9% reflectivity mirrors on both sides of the resonator, (b) 99.9% and 99.0% reflectivity mirrors and (c) 99.9% and 98.4% reflectivity mirrors. All mirrors except 98.4% reflectivity plane mirror are spherical, with 1 m curvature radius. The laser beam diameter is limited by the side wall apertures and by the mirror mount apertures, approximately 19 mm in diameter. Laser power has been measured by a 2 inch (50.8 mm) aperture Scientech AC5000 thermopile calorimeter, monitoring its time-resolved output on the oscilloscope. The time response of the calorimeter was calibrated using a c.w. CO laser [13] .
In the present experiments, the RF discharge remained diffuse and stable. Based on our previous measurements at P 0 = 60-80 Torr, flow temperature rise in the discharge is about 25 K kW −1 , up to T = 380 K at the discharge power of 3 kW [13] . At these conditions, SDO yield, measured in our previous work using blackbody calibrated infrared emission spectroscopy [13] , remains fairly low, 3.6-3.7%, due to fairly low energy loading per oxygen molecule in the discharge, 0.3-0.5 eV/O 2 molecule. Figure 2 compares normalized gain line shapes measured in the supersonic cavity (at x = 3.2 cm), with room temperature or precooled helium injected into the flow downstream of the iodine injector (see figure 1) . These results are obtained at the discharge power of 3 kW (downstream discharge section powered), at the following flow rates: main flow 270 mmole s −1 (15% O 2 in He), NO 0.33 mmole s −1 , I 2 vapour injection 93 µmole s −1 (in 45 mmole s −1 of He) and cooling He injection 260 mmole s −1 . The plenum pressure before injection was P 0 = 40 Torr, and increased after adding I 2 /He and He injection flows to P 0 = 93 Torr (precooled helium) and to P 0 = 118 Torr (room temperature helium). Gain lines shown in figure 2 are averaged by the gain probe over 0.2 s. As can be seen from the Doppler line shape fits in figure 2 , injection of cold helium reduces the temperature in the cavity, from T = 120 ± 5 K to T = 100 ± 5 K. In figure 2 , gain at the line centre is 0.077% cm −1 for room temperature helium injection and 0.160% cm −1 for cold helium injection, i.e. precooling the injection flow increases gain by more than a factor of two. figure 3 , it can be seen that increasing cold helium injection flow rate results in steady gain increase (from 0.093 to 0.147% cm −1 ) and temperature reduction (from T = 120 K to T = 95 K) in the supersonic cavity.
Figures 2 and 3 suggest that gain increase is primarily due to flow temperature reduction when cold helium is injected into the flow. However, repeating the two runs shown in figure 2 with the upstream discharge section powered, at the same discharge power and flow conditions, resulted in much lower gain, 0.031% cm −1 with room temperature helium injection and 0.088% cm −1 with cold helium injection. The temperatures in the cavity were close to the ones measured using the downstream discharge section, T = 115 ± 5 K and T = 95 ± 5 K, respectively. This indicates that an additional effect, not related to the flow composition or temperature, significantly affects gain in the supersonic cavity. Massive helium injection downstream of the I 2 /He injector (see figure 1 ) may produce the reverse flow of iodine vapour into the downstream discharge section, thus resulting in iodine dissociation in the discharge. This effect may be amplified by the discharge stretching to the grounded aluminium I 2 /He injector. This would reduce the fraction of SDO yield spent on iodine dissociation and thus result in higher gain. Isolating this effect would require separate measurements of iodine dissociation in the RF discharge. Replacing helium with nitrogen in the cooling flow injector resulted in a much weaker gain increase in the supersonic cavity. Attempts to precool the main flow through the discharge using a liquid nitrogen or ethanol/liquid nitrogen bath upstream of the discharge were unsuccessful. The use of ethanol/liquid nitrogen slush (T = 156 K) produced almost no effect on gain, presumably due to the cooling bath temperature being too high. Using liquid nitrogen bath (T = 77 K) resulted in gain switching to absorption, most likely due to NO freezing at the liquid nitrogen temperature (NO freezing point T = 110 K). Figure 4 summarizes gain measurements at different main flow rates, with the downstream discharge section powered, (in 45 mmole s −1 ), respectively. From figure 4 , it can be seen that gain reaches maximum at a certain discharge power, after which it starts decreasing, most likely due to flow temperature rise at high discharge powers. During these measurements, highest gain, 0.19% cm −1 , was measured at the main flow rate of 270 mmole s −1 , P 0 = 94 Torr (P 0 = 40 Torr before cold helium injection) and discharge power of 2.75 kW. Gain measurements versus oxygen fraction, conducted at the main flow rate of 270 mmole s −1 , demonstrated that gain peaks at 15-20% of O 2 mole fraction in the main flow.
In figures 2-4, gain has been measured at the same axial location in the supersonic cavity, at x = 3.2 cm. Gain measured at x = 9.6 cm at the optimum flow conditions, i. figure 5 . At these conditions, plenum pressure before injection was P 0 = 40 Torr and increased to P 0 = 90 Torr with I 2 /He and precooled He injection. It can be seen that gain remains nearly constant for approximately 5 s and reaches 0.20% cm −1 (4% double pass gain). Table 1 summarizes the results of gain and power measurements using different laser mirror combinations, at the same discharge and flow conditions as in figure 5 . For all three cases, gain measured in the resonator (at x = 3.2 cm) and downstream of the resonator (at x = 9.6 cm) before power measurements remains approximately the same, 0.17-0.18% cm −1 and 0.20-0.21% cm −1 , respectively. The second mirror combination produced the highest power, 7.8 ± 0.1 W, coupled out almost entirely on the 99.0% mirror side. During figure 5 , and starts decreasing after approximately 5 s of operation. Gain measured downstream of the resonator during lasing remains fairly high in all three cases, 0.15-0.155% cm −1 , or only about 25% lower than gain at the same location without lasing (see table 1 ). This demonstrates that only a small fraction of power available for lasing is coupled out. We believe that laser power at the present discharge and flow conditions can be significantly increased using large aperture, 2 inch (50.8 mm) mirrors, and/or by folding the resonator, providing access to a larger volume of positive gain region in the cavity.
